Band gap change in doped ZnO is an observed phenomenon that is very interesting from the fundamental point of view. This work is focused on the preparation of pure and single phase nanostructured ZnO and Cu as well as Mn-doped ZnO for the purpose of understanding the mechanisms of band gap narrowing in the materials. ZnO, Zn 0.99 Cu 0.01 O and Zn 0.99 Mn 0.01 O materials were prepared using a wet chemistry method, and X-ray diffraction (XRD) results showed that all samples were pure and single phase. UV-visible spectroscopy showed that materials in the nanostructured state exhibit band gap widening with respect to their micron state while for the doped compounds exhibited band gap narrowing both in the nano and micron states with respect to the pure ZnO materials. The degree of band gap change was dependent on the doped elements and crystallite size. X-ray photoelectron spectroscopy (XPS) revealed that there were shifts in the valence bands. From both UV-visible and XPS spectroscopy, it was found that the mechanism for band gap narrowing was due to the shifting of the valance band maximum and conduction band minimum of the materials. The mechanisms were different for different samples depending on the type of dopant and dimensional length scales of the crystallites.
Background
Zinc oxide is one of the most important metal oxides due to its unique physical characteristics of wide and direct band gap (~3.37 eV) with a large exciton binding energy (60 meV). It has attracted much attention among researchers and is used in various applications such as in optoelectronics [1] [2] [3] [4] [5] [6] , sensors [3, 7] , pharmaceuticals [8] , etc. It has been found that the band gap of ZnO can be changed by either decreasing the size of the crystallites [9] [10] [11] [12] or by substitutional doping [13] [14] [15] . Substitutional doping can be done by a chemical reaction that forces the dopant element to be introduced into the crystal structure of the compound [13, 14] . Pure and single phase materials that are isostructural to the initial compound will be produced. These new compounds will exhibit novel characteristics that will be useful for future applications.
Although much work have been published on ZnO and ZnO-doped materials [1, 2, [9] [10] [11] [12] [13] [14] [15] , there are still many unresolved issues on this subject. Band gap, as is well known, is a very important physical characteristic of materials affecting their electrical behaviour. Band gap change in ZnO nanostructures and doped ZnO is a phenomenon that is still not very well understood. This work is an ongoing effort to understand the basic fundamental reasons behind the observed band gap change phenomenon. The mechanisms, causes and reasons are investigated from the point of view of crystal structure, morphology, size and valence bands of the materials. As an example, there are no clear explanations of the mechanisms of band gap widening in nanostructured ZnO beyond the presence of vacancies as proposed by some researchers [16, 17] but without experimental proofs given of the existence of the vacancies. This work is focused on the explanation of the changes in band gaps of ZnO and doped ZnO materials with the support of experimental proofs.
Producing nanomaterials is not an easy task [7, 18] . Synthesis conditions have to be optimized in order to obtain pure, single phase nanostructured materials. The synthesis routes and parameters play an important role for obtaining certain types of morphologies and dimensions. Many synthesis routes and preparation methods give very little end products [6, 7, 19] , and some synthesis process requires expensive equipment [20, 21] . Other synthesis methods used catalysts to obtain the nanostructures, and this affects the purity of the ZnO [1] . The method presented here is a simple wet chemistry method that has the advantage of producing large amounts of pure phase nanomaterials.
Experimental
The synthesis of ZnO, Zn 0.99 Cu 0.01 O and Zn 0.99 Mn 0.01 O materials were prepared by using a simple sol-gel method. The starting materials used were zinc acetate dehydrate (R & M chemicals, 99.5 % purity), copper (II) acetate monohydrate (Riedel-de Haen, 99 % purity) and manganese (II) acetate tetrahydrate (Aldrich, 99 % purity). These materials were first dissolved in absolute ethanol and stirred for about 1 h. The pH of the solution was 5.2, and no catalyst was used in the synthesis method. The materials were slow dried, and grey precursors were obtained. The Thermal studies were done by using a simultaneous thermogravimetric analyzer (STA), SETARAM SETSYS Evolution 175. This equipment can give the thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) graphs simultaneously which is a more accurate way of determining the correct annealing temperature for producing single phase materials. Based on the TG/DSC, the precursors were annealed at 300 and 1200°C for 24 h. Structural studies on the annealed samples were done by using X-ray diffraction (XRD), and the PANalytical X'pert Pro MPD diffractometer with a solid state detector (accelerator) was used. The XRD measurements were done using a Bragg-Brentano optical configuration in ambient conditions with the spinning mode to reduce effects of preferred orientation. The X-ray beam used was the CuK α radiation. High-quality datasets were obtained with the highest peak around 10,000 counts as statistically required for proper quantitative XRD analysis [22] [23] [24] The morphology and crystallite size of the materials were examined by using field emission scanning electron microscopy (FESEM, JEOL JSM-7600F). The elemental analysis was examined using Oxford INCA X-MAC 51 XMX 0021 integrated with SEM. The light absorption properties of the materials were studied using the Perkin Elmer Lambda 950 UV-vis-NIR spectrophotometer. The measurements were done in reflection mode using the reduced reflectance technique in ambient conditions. The oxidation states, chemical environment and valence band studies of the materials were done by X-ray photoelectron spectroscopy (XPS) using the JEOL JPS-9200 equipment. The XPS spectra were recorded using a monochromator and Al K α (1486 eV) radiation as the X-ray source. A charge neutralizer was used to reduce charging effects, and data were taken using a pass energy of 10 eV producing a full width at half maximum (FWHM) of 0.5 eV. The samples used were pelletized and, prior to insertion into the measuring chamber, were heated at 100°C to minimize the presence of hydrocarbons on the surface of the materials. Fig. 1b, c , respectively. For the highest annealing temperature sample of 1200°C, it is found that there is a big difference in colour for undoped ZnO and doped materials as can be seen in Fig. 2 STA results are shown in Fig. 3 . It can be observed that the formation temperature of the hexagonal structure for the Cu-doped sample is at a minimum (270°C) compared to the pure ZnO (310°C) and Mn-doped ZnO (300°C). The annealing temperature is thus chosen as 300 and 1200°C for the preparation of the nano and micron materials.
Results and Discussions
Phase studies for undoped ZnO crystallographic parameters extracted from the Rietveld refinements. It is found that the lattice parameters (a and c) of the samples annealed at 300°C is larger than the lattice parameters of samples annealed at 1200°C. Since the lower annealed samples of 300°C results in nano-sized crystallites whereas the 1200°C gives micron-sized crystallites, this shows that there is lattice expansion in ZnO nanomaterials. This phenomenon of lattice expansion in nanostructured materials can be explained by the fewer number of atoms in the nanocrystallites compared to the micron-sized particles which results in fewer inter-atomic interactions between the atoms in the lattice resulting in a decrease of the electrostatic coulombic force of attraction. Thus, the interplanar d-spacings are larger. The c/a values of the materials are also larger for the nanomaterials than the very crystalline materials indicating that the atomic packing of the atoms is denser for the conventional materials with large micron crystal size. It is observed that the oxygen site occupancy factors are both full for the nano-and micron-sized materials of ZnO showing that Zn has a very strong affinity to oxygen and that is why they are very stable oxides. For the doped compounds, there is a small amount of oxygen vacancy for the Cu-doped materials and the presence of O vacancy only exists in the nanomaterial of Mn-doped samples. These findings indicate that there are small amounts of vacancies present in the Cu-and Mn-doped ZnO but not for the pure ZnO. Therefore, results show that there is no oxygen vacancies in nano or micron ZnO as is speculated by several researchers [16, 17] .
The morphologies for ZnO, Zn 0.99 Cu 0.01 O and Zn 0.99 Mn 0.01 O nanostructures annealed at 300°C are shown in Fig. 6 . The summary of the morphology and crystallite dimensions (length and diameter) for the materials are given in Table 2 . It can be seen that the morphology for undoped ZnO and doped materials consist of a mixture of long nanorods and small amounts of tiny spherical shapes. It is also found that Zn 0.99 Mn 0.01 O nanorods has the smallest diameter with an average of 50. Table 3 . 
where α is the absorption coefficient of the material, λ is the wavelength, h is the Planck's constant, C′ is the proportionality constant, υ is the frequency of light and E g is the band gap energy. The graph plotted is (αhυ) 2 vs. hυ and from Eq. (1) extrapolating the linear part of the graph until it meets the x-axis will give the value of the band gap [8] 01 O nanostructures, not only does the valence band shift downwards but the conduction band also shifts downwards with respect to the energy levels of the pure ZnO nanomaterials but to different degrees. The narrowing of the band gaps of the doped nanomaterials can then be said to be mainly due to the downward shifts of the LUMOs of the conduction bands because the shifts occur at larger values than the shifts of the HOMO. In other words, the narrowing of the band gaps in the doped nanomaterials can be mainly attributed to the downward shift of the conduction bands. It is also observed that there are shifts in the 3d orbital at around 10 eV. For both cases of nano-and micron-sized materials, the shift is the same, that is, there is a slight left shift for the Cu-doped material and a larger left shift for the Mn-doped material. This can be explained by the electronic configurations of the transition metals. Since Cu exists in Cu + and Cu
2+
, there is only one electron missing in the Cu 2+ ion (Fig. 20) . Thus, this is not such a great difference compared to the Zn 2+ electronic configuration which is the same as the Cu + case. Therefore, the left shift for the Cudoped material is very slight. In case of the Mn-doped samples, the situation is very different because Mn Similarly, analyzing the situation by constructing the energy levels as shown in Fig. 18b , it is found that the LUMO of the conduction band is conversely shifted downwards. Therefore, the narrowing of the band gap of the micronsized Zn 0.99 Cu 0.01 O material is due to both the upward and downward shifts of the valence band and conduction band, respectively. It is observed that the band gap narrowing in the micron material is higher with a 0.21 eV difference compared to only 0.04 eV difference for the nanomaterial. In the case of the Mn-doped micron-sized material, the HOMO and LUMO is shifted downwards with respect to the HOMO and LUMO of the ZnO material (Fig. 19b) . Band gap narrowing for the Mn-doped micron material is affected mostly by the downward shift of the HOMO of the conduction band of the material. Therefore, the narrowing of the band gap in the case of the Mn-doped micron-sized material is attributable to the downward shift of the conduction band. It is also observed that the degree of shifts of the conduction and valence bands is larger and very much more obvious in the micron Mn-doped material compared to the nano Mn-doped material. The band gap narrows by 0.75 eV for the micron material compared to only 0.01 eV for the nanomaterial. To see the results of the Table 4 . The existence of the transition metals in different oxidation states especially Mn accounts for the left shifts of the 3d peaks of the XPS results. The large left shift for the Mn-doped sample is due to the quite considerable electrons missing from the orbitals as compared to the Zn 2+ ions which have all the orbitals full. For the Cu-doped sample, since there is only one electron missing in the orbital for the Cu 2+ ion, the shift is very slight. Results have shown that the mechanism for band gap narrowing of doped samples is different in the nano and micron cases. Crystallinity of the samples thus plays a very important part in the band gap change of materials. It has also been demonstrated here that it is possible to study the conduction and valence band shifts of materials by employing the powerful XPS and UV-visible spectroscopic methods together.
Conclusions
This work has shown that band gap widening occurs in all nanostructured ZnO and doped ZnO with respect to the micron materials. However, doping ZnO with the transition metals Cu and Mn causes band gap narrowing in both the nano and micron materials. The mechanism of the band gap widening in the nanostructured materials is very complex. For ZnO nanostructured material, the band gap widening can be mainly attributed to the larger downward shift of the VB (Fig. 21) . For the Cudoped ZnO, the band gap widening is due to the larger downward shift of the valence band (Fig. 22) . For the Mn-doped ZnO, the band gap widening is mainly due to the larger upward shift of the conduction band (Fig. 23) . Band gap narrowing of doped compounds with respect to pure ZnO can be said to be mainly due to the downward shifts of the conduction band (Fig. 18) for both the nanostructured and micron materials. Thus, mechanisms for band gap narrowing and widening in materials are very complex processes depending on whether they are nano-or micron-sized crystallites and the type of elements involved in the doping process. 
